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We demonstrate a hard x-ray probe of laser-aligned small molecules. To align small molecules with
optical lasers, high intensities at nonresonant wavelengths are necessary. We use 95 ps pulses focused
to 40 µm from an 800 nm Ti:sapphire laser at a peak intensity of 1012 W/cm2 to create an ensemble of
aligned bromotrifluoromethane (CF3Br) molecules. Linearly polarized, 120 ps x-ray pulses, focused
to 10 µm, tuned to the Br 1s → σ* pre-edge resonance at 13.476 keV, probe the ensemble of laser-
aligned molecules. The demonstrated methodology has a variety of applications and can enable
ultrafast imaging of laser-controlled molecular motions with A˚ngstrom-level resolution.
PACS numbers: 32.80.Lg, 32.30.Rj
Intense laser fields have greatly expanded our ability to
control the behavior of isolated atoms and molecules.1,2
A nonresonant, linearly polarized laser field will align a
molecule by interaction with the molecule’s anisotropic
polarizability; the most polarizable axis within the
molecule will align parallel to the laser polarization axis.3
Since the laser polarization direction is under simple
control with a waveplate, so is the direction of the
molecule’s most polarizable axis with respect to the labo-
ratory frame. The polarizability interaction used to align
molecules is identical to that used in optical trap4,5 stud-
ies of biomolecules, though the alignment aspect is not
usually emphasized.6 Such experiments routinely use vis-
ible light probes and achieve nanometer-level resolution.6
Here we demonstrate the use of 0.9 A˚ x-rays to probe a
transient ensemble of laser-aligned molecules, thus, tak-
ing a step toward A˚ngstrom-level ultrafast imaging of
molecular motions.
Laser control of molecular alignment enables control
over x-ray processes. For instance, scattering from an en-
semble of aligned molecules produces Bragg-like diffrac-
tion spots rather than the concentric rings observed in
scattering from an isotropic gas. An important appli-
cation is biomolecule structure determination with few
A˚ngstrom resolution using coherent diffractive imaging
with hard x-ray free-electron lasers.7 The original con-
cept7 did not suggest aligned molecules but rather pro-
posed to scatter 1012 x-rays from a single biomolecule
within 10 fs and collect a diffraction pattern with suf-
ficient information to determine the molecule’s orienta-
tion in a single shot. A recent experiment using the
FLASH free-electron laser operating at 320 A˚ provides
an important proof of principle.8 As an alternative, hav-
ing prealigned molecules will vastly simplify the data col-
lection and analysis.9 While both proposals7,9 focus on
x-ray scattering from a single large molecule and multiple
repetition to build up statistics, i.e., “serial crystallogra-
phy,” our work focuses on x-ray probing of an ensemble
of 107 small molecules in the gas phase which have been
aligned with laser techniques.2 This strategy will allow
one to acquire x-ray diffraction patterns of aligned, non-
interacting molecules and, thus, obtain A˚ngstrom-level
molecular images using existing synchrotron sources.
To demonstrate the essential ideas, we focus here on
the simpler situation of resonant x-ray absorption to
probe laser-aligned molecules. X-ray absorption reso-
nances, resulting from the promotion of a 1s electron
(localized on a given atom) to an empty σ* or pi* orbital
(fixed to the molecular frame), are sensitive to the rela-
tive angle between the molecular axis and the x-ray polar-
ization axis.10 We studied the nonhazardous, symmetric
top molecule bromotrifluoromethane (CF3Br). Using ab
initio methods, we calculate that the C–Br axis is the
most polarizable and will align parallel to the laser po-
larization axis. The CF3Br alignment axis can be rotated
with respect to the x-ray polarization axis and a linear
dichroism indicative of the degree of molecular alignment
results. For CF3Br, the Br 1s → σ* pre-edge resonance
is an excitation from the Br 1s orbital to an antibonding
σ* orbital containing substantial Br 4pz character, where
z refers to the C–Br axis. As a result of the molecular
symmetry, x-ray absorption on the Br 1s→ σ* resonance
occurs only when the x-ray polarization vector has a non-
vanishing projection on the C–Br axis.
Two basic experiments demonstrate the x-ray probe
of laser-aligned molecules. First, we show that resonant
x-ray absorption changes reversibly in the presence of
the laser field by measuring a laser/x-ray cross correla-
tion. The ensemble is aligned only transiently and a the-
ory including time dependence is required to describe the
dynamics of molecular alignment.11 Second, we demon-
strate control of x-ray absorption on the Br 1s→ σ* res-
onance by rotating the alignment of CF3Br molecules
with respect to the x-ray polarization axis. For each of
these experiments, we compare with a theory developed
to describe x-ray absorption of laser-aligned molecules.12
Our experimental arrangement (Fig. 1) used microfo-
cused x-rays to probe rotationally cooled CF3Br in the
presence of the linearly polarized aligning laser field. A
λ/2 waveplate controlled ϑLX, the angle between the
x-ray and laser polarization axes. Monochromatic, lin-
early polarized x-rays near 13.5 keV [bandwidth is 0.7 eV
full width at half maximum (FWHM)] from an un-
dulator source at Sector 7 of the Advanced Photon
2FIG. 1: (Color online) Schematic of experimental setup, top
view. Inset with projection of interaction region: jet, collima-
tion slit geometry and Si drift detectors (D).
Source were focused to 10µm (FWHM) and overlapped
collinearly with the 40µm (FWHM) aligning laser beam.
Ti:sapphire oscillator pulses were stretched and ampli-
fied to produce alignment pulses (1.9mJ, 95 ps FWHM)
at a repetition rate of 1 kHz. The four dimensional over-
lap (temporal and spatial) was done with methods previ-
ously described.13 The signature of CF3Br x-ray absorp-
tion, Br Kα fluorescence at 11.9 keV, was viewed with
Si drift detectors through molybdenum slits that lim-
ited the detection to the central 1.2mm of the laser/x-
ray overlap region. Spatial averaging over the crossing
angle and viewed region yielded a peak laser intensity
of (0.85 ± 0.09) × 1012 W/cm2 . CF3Br was rotation-
ally cooled by expanding a mixture of 10% CF3Br/90%
helium through pinhole nozzles of diameter d = 25 or
50µm at backing pressures up to P0 = 9bar. The laser
and x-ray beams intersected the supersonic expansion
∼ 1mm downstream of the nozzle, where the number
density of CF3Br was ∼ 5× 10
14 /cm3.
The x-ray absorption spectrum of CF3Br shown in
Fig. 2 was obtained by collecting Br Kα fluorescence as
a function of the incident x-ray energy. The Br 1s→ σ*
resonance at 13.476 keV is the prominent feature be-
low the Br K-edge energy. The resonance was fit to a
Lorentzian with Γ = 2.6 eV and the Br K-edge plus Ry-
dberg excitations were fit to an arctangent function.14
The arctangent function contributes a 10% background
under the Br 1s→ σ* resonance.
In the first experiment, we measured a laser/x-ray
cross-correlation signal by tuning the x-ray energy to the
Br 1s → σ* resonance and varying the laser/x-ray time
delay τ . Figure 3(a) shows the cross-correlation signal,
defined by the ratio of parallel (ϑLX = 0
◦) to perpen-
dicular (ϑLX = 90
◦) x-ray absorption, as a function of
laser/x-ray delay. The ratio was formed after subtract-
ing the 10% background discussed above. The alignment
evolves adiabatically—following the laser pulse envelope.
FIG. 2: (Color online) X-ray absorption spectrum of CF3Br
near the Br K edge. Experimental data (dots). The Br 1s →
σ* resonance of CF3Br at 13.476 keV is marked with a ver-
tical line. The fitted components and their sum are shown:
Br 1s → σ* resonance (dash-dot), Br K edge (dashed), and
sum (solid).
A Gaussian fit to the cross correlation signal yields a
FWHM of 150± 14 ps and amplitude of 1.22± 0.03. We
calculated for comparison with experiment the absorp-
tion cross sections for (1) parallel laser and x-ray polar-
izations, (2) perpendicular laser and x-ray polarizations,
and (3) a laser-free thermal ensemble.12 In these calcula-
tions, the only adjustable parameters are the rotational
temperature and the pulse length of the x-rays. The rel-
evant molecular parameters, e.g., rotational constants,
calculated by theory are in agreement with measured val-
ues. Comparison of the cross-correlation signal with the-
ory yields an x-ray pulse length of 122±18 ps, consistent
with expectations.
The usual criterion for adiabatic molecular response is
τpulse ≫ τrot, where τpulse is the laser pulse duration and
τrot is the rotational period of the molecule.
2 A 20K ther-
mal ensemble of CF3Br has an average rotational period
of 28 ps, much less than our 95 ps laser pulse duration,
thus, fulfilling the adiabatic criterion (the ground state
rotational period of CF3Br is 235 ps for rotation about
an axis perpendicular to the C–Br axis15). The com-
monly used measure of molecular alignment is 〈cos2 θ〉,
where θ is the angle between the laser polarization and
the molecular axis. For our experimental parameters, we
calculated that the evolution of 〈cos2 θ〉 follows the laser
pulse envelope, as shown in Fig. 3(b).
After optimizing temporal overlap at τ = 0, we demon-
strate control of resonant x-ray absorption by varying
the angle between the laser and x-ray polarizations, ϑLX
(Fig. 4). The quantity plotted on the ordinate is the ratio
of the Br Kα fluorescence signal from the aligned sample
(laser on) to the isotropic sample (laser off). A maxi-
mum occurs for the parallel configuration ϑLX = 0
◦ and a
minimum for the perpendicular configuration ϑLX = 90
◦.
This confirms the symmetry of the σ* resonance with re-
spect to the C–Br axis. To compare with experiment, we
calculated the ϑLX dependence of the laser-on/laser-off
ratio at τ = 0, as shown in Fig. 4 where good agreement
is found for a rotational temperature Trot = 24 ± 2K
and x-ray pulse duration of 122 ps, determined from the
cross-correlation measurement.
Significant improvement in the degree of alignment can
be achieved with lower rotational temperature or higher
3FIG. 3: (Color online) (a) Laser/x-ray cross correlation for
laser-aligned CF3Br, ‖ / ⊥ absorption as a function of laser/x-
ray delay. Theory for a rotational temperature Trot = 20K
is overlaid. (b) Calculated 〈cos2 θ〉 for a 95 ps (FWHM) laser
pulse with an intensity of 0.85× 1012 W/cm2 for Trot = 20K.
FIG. 4: (Color online) Laser on/laser off ratio of Br fluo-
rescence induced by x-ray excitation on the Br 1s → σ*
resonance of CF3Br at 13.476 keV, as a function of ϑLX.
ϑLX = 0
◦ and 90◦ correspond to the parallel and perpendic-
ular configurations for laser and x-ray polarizations. Theory
for Trot = 24K is the overlaid curve.
laser alignment intensity. At 20K, we observed a linear
dependence of the alignment up to our maximum peak
intensity of ∼ 1012W/cm2 with no ionization. Our ex-
pansion provided significantly less rotational cooling than
a pulsed expansion (P0 = 100 bar, d = 200µm) where ro-
tational temperatures ∼ 1.5K have been obtained.16 Our
calculations for 1K predict the alignment magnitude to
increase to 〈cos2 θ〉 = 0.80 and the alignment duration to
140 ps (FWHM) for τpulse = 95 ps.
The present work suggests several applications using
x-ray absorption. First, polarized x-ray absorption by
molecules whose axes are aligned in space enables the
assignment of the symmetries (e.g., σ* and pi*) of near
edge resonances. These techniques have been used for
molecules adsorbed on surfaces,10 but they can now be
extended generally to isolated molecules in the gas phase.
They are more general than angle-resolved photoion yield
spectroscopic methods17 which rely on ion dissociation
and the axial recoil approximation. In addition, x-rays
are ideal probes of laser-aligned molecules in the solu-
tion phase, where Coulomb explosion imaging techniques
typically used in gas phase experiments2,16 are not ap-
plicable. An x-ray probe is also free from the compli-
cations of strong-field probes arising from complex ion-
ization pathways.18 There also is an opportunity to use
x-rays as a probe of laser-controlled rotations to achieve
a better understanding of solvent dynamics.19 The pene-
trating power of x-rays in low-Z solvents, combined with
the localized core-level absorption on the solute molecule,
are both significant assets. The advent of tunable, po-
larized 1 ps x-rays at the Advanced Photon Source20 will
enable tracking rotational dynamics in condensed phases
as well as impulsively aligned molecules in the gas phase.
Finally, our work demonstrates column densities of
aligned molecules that are sufficient for coherent diffrac-
tion imaging. We already have achieved an aligned
molecule density of ∼ 5 × 1014 /cm3, corresponding to
4× 107 molecules within the laser/x-ray overlap volume.
With this density, we estimate that less than 6min is
required to acquire a coherent diffraction image for the
prototypical Br2 with a total of 10
5 events, assuming
an elastic scattering cross section of 1.6 kb (obtained by
summing the contributions of the individual atoms), 108
x-rays/pulse/(10µm)2 at a repetition rate of 1 kHz. At a
10% seeding fraction, the coexpanded He would provide
only a ∼ 2% background and dimer formation is expected
to be < 1%. Thus, this demonstration can be considered
a first step toward A˚ngstrom-level x-ray imaging of un-
crystallized molecules.
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